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Introduction
Researches dealing with hydride forming intermetallics, such as AB n (A, rare earth or transition element, B; transition element; n=5, 3, 2 or 1) [1] [2] [3] [4] , have attracted increasing interest in the last few years due to their ability to store reversibly large amounts of hydrogen near ambient pressure and room temperature. These remarkable properties allow using them for energy storage applications either as hydrogen tanks or as negative-electrode materials in alkaline batteries.
Compared to the conventional lead acid and nickel-cadmium batteries, the nickel-metal hydride battery has many advantages [5] . In fact, this kind of batteries does not cause any kind of contamination, has a long life cycle, a good charge-discharge kinetic and does not have any memory effect. However, the overall properties of Ni-MH batteries should be improved to face the competition of Li-ion batteries used for the personal computer, the mobile phone and the video cameras. Recently, almost all of the commercial Ni-MH batteries are employing AB 5 -type alloys as negative electrode materials due to their good overall electrode properties [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] .
For instance, in the search for new metal hydrides, recent attention has been dedicated to the family of AB 3 -intermetallics, e.g., some new pseudo-binary and ternary intermetallics such as LaMg 2 Ni 9 [17] , which have been shown to correspond to an intergrowth of MgNi 2 and RNi 5 layers. However Despite the large discharge capacity and high activity of these alloys, the accelerated degradation of the discharge capacity after only few cycles of charge and discharge is the main shortcoming against their commercial use in batteries.
The knowledge of the hydrogen storage properties of the binary compounds LaNi 5 and YNi 2 prompted us to focus our interest on the La-Y-Ni ternary system. The La-Y-Ni system has been investigated in the present work assuming the reaction: LaNi 5 +2YNi 2 →LaY 2 Ni 9 .
The LaY 2 Ni 9 compound adopts a rhombohedral structure derived from the PuNi3-type one (R-3mspace group) and it can be described as the intergrowth of LaNi 5 (Haucke phase) and YNi 2 (Laves phase). In this article, we describe the affect of the rate on the electrochemical proprieties of LaY 2 Ni 9 alloy used as a negative electrode in Ni-MH batteries.
Experimental
The LaY 2 Ni 9 alloy was prepared by induction melting of the pure elements followed by an appropriate annealing at a temperature of 750°C to ensure a good homogeneity. The result of the metallographic examination, the electron probe microanalysis (EPMA) and the structure characterization by X-ray diffraction (XRD) of this alloy is given in table 1. The structural characterization shows that this alloy is indexed in the PuNi3-type rhombohedral structure (space group R-3m) which can be described as a stacking of CaCu 5 and MgZn 2 units.
Table1. EPMA and XRD analysis of LaY 2 Ni 9 alloy
The LaY 2 Ni 9 ingot alloy was grounded mechanically and sieved (to less than 63µm) in a glove box under an argon atmosphere [18] . The "latex" technology has been used for the electrode preparation [19] . Ninety percent of the alloy powder was mixed with 5% of carbon black to obtain a good conductivity and 5% of polytetrafluoroethylen (PTFE) to give elasticity to the electrode to give elasticity to the electrode.
Two pieces of 0.5 cm 2 of this latex have been pressed on each side of a nickel grid, playing the role of a current collector [20] . This assembly forms the negative electrode of Ni-MH battery. All the electrochemical measurements were performed at a room temperature in a -Activation and a long cycling of the electrodes were realized by galvanostatically charging and discharging at different rates (C/3, C/5, C/10 and C/20).
-The constant discharge potential (CPD) was applied after each cycle during a long cycling and at different rates (C/3, C/5, C/10 and C/20) using a chronoamperometry method.
-The potentiodynamic polarization tests were carried out, after each cycle during a long cycling, at a scan rate of 1 mV s −1 , the potential scan direction, is performed from (-1200 mV)
to (-600 mV) versus Hg/HgO, to estimate the corrosion current density and the corrosion potential of the electrodes in KOH solution.
Results and discussion
3.1. The activation and the long cycling of the LaY 2 Ni 9 electrode at different discharge rates. In Table 2 we regrouped the cycle number of activation, the maximum discharge capacity and the drop potential, between the half charge and discharge potentials, of the LaY 2 Ni 9 electrode at different rates. We note that the decrease of the discharge rate facilitates the activation of the alloy. During the activation, the electrochemical discharge capacity reaches its maximum value of 187, 224, 259, 262 mAh g -1 after 21, 5, 5 and 1 cycle at C/3, C/5, C/10 and C/20 rate, respectively. After activation the electrochemical discharge capacity undergoes a rapid decay before slowing. A good held of cycling is observed beyond 50 cycles for C/10 rate.
The discharge capacity loss can be explained by the corrosion of the LaY 2 Ni 9 electrode, in the KOH electrolyte, which will be discussed thereafter in the present work.
The cycling capacity retention is expressed by the following formula:
Where C max is the maximum discharge capacity and C n is the discharge capacity at the n th cycle. In table 2 we illustrated the cycling capacity retention values at 60 and 100 cycles. At 60 th cycle the discharge capacity retention increase with the discharge rate. The same remark is reported at 100th cycle except of C/10 discharge rate. Indeed, the discharge capacity retention at this rate has the same value at 60 and 100 th cycle (55%) by against it decreases from 72 to 62% and 60 to 44% for C/3 and C/5 rate, respectively.
The degradation of the electrochemical discharge capacity is mainly due to the corrosion of the electrode surface overlooked to the aggressive electrolyte [21] . At C/10 rate this degradation remains minimum, indeed, a good stability and cycling lifetime are observed.
Evolution of (D H /a 2 ) during a long cycling of LaY 2 Ni 9 electrode at different discharge rates
The ratio of hydrogen diffusion coefficient in the bulk of the LaY 2 Ni 9 alloy by the square of the average particle radius of this alloy, during a long cycling and at different discharge rates, , is determined through the constant potential discharge (CPD) method. Fig. 4 shows the semi-logarithmic plots of anodic current vs. the time response of the LaY 2 Ni 9 alloy at different cycles and discharge rates (C/3, C/5, C/10 and C/20 rate). It can be seen that after the application of the overpotential, the current-time response can be divided into two time domains proposed by Nishina et al. [22] . In the first time region, the current rapidly decreased due to a consumption of hydrogen on the surface. However, in the second time region, the current slowly declined in a linear fashion. In this case, hydrogen was supplied from the bulk of the alloy in proportion to the concentration gradient of hydrogen atoms with time. According to the model of Zheng et al. [23] , the ratio, , can be estimated through the slope of the linear region of the corresponding plots by the following formula: (1) wherein D H is the hydrogen diffusion coefficient (cm 2 s -1 ), a is the radius of the spherical particle (cm), I is the diffusion current density (mA g -1 ), C o is the initial hydrogen concentration in the bulky alloy (mol cm -3 ), C s is the hydrogen concentration on the surface of the alloy particles (mol cm -3 ), F is the Faraday constant (96487 C mol -1 ), d is the density of the hydrogen storage alloy (g cm -3 ), and t is the discharge time (s). According to the given Eq.
(1), knowing the slope of the linear region of the corresponding plots, , the ratio, , of the intermetallic electrode can be calculated, for each cycle at different discharge rates, according to the following equation:
(2) A correlation was observed between the electrochemical capacity and the ratio of during the first cycles of activation. Indeed, previous studies [24, 25] showed that during the activation the absorbed hydrogen in the alloy causes the fragmentation and the cracking of the electrode, leading to the consequent increase of the active surface which facilitates the absorption and diffusion of hydrogen. Fig. 6 shows the SEM micrographs of the investigated intermetallic electrodes taken immediately before and after the electrochemical tests at different discharge rates (C/3, C/5, C/10 and C/20 rate). According to a scanning electron microscopy (SEM) analysis, the average particle radius of the LaY 2 Ni 9 electrodes after the electrochemical tests were estimated to be 37, 23, 23 and 15 m for C/3, C/5, C/10 and C/20 rate, respectively. The hydrogen diffusion coefficient D H in the bulky alloy is estimated to be 3.0510 -10 , 1.3210 -10 , 1.3710 -10 and 5.1010 -11 cm 2 s -1 for C/3, C/5, C/10 and C/20 rate, respectively, after a long cycling. 
Evolution of the corrosion parameters during a long cycling of the LaY 2 Ni 9 electrode at different discharge rates
The study of the corrosion behavior of the LaY 2 Ni 9 electrode during a long cycling and at different rates was performed through the voltammetry cyclic technique. This method consists to apply a linear potential scan rate of 1mV s -1 , on the LaY 2 Ni 9 negative electrode, after each cycle of charge and discharge, during a long cycling and at different discharge rates. The obtained voltammograms at different discharge rates and during a long cycling, are treated by the first Stern-Geary method using EC-Lab software in order to draw the potentiodynamic polarization curves (or Tafel curves) [26, 27] . The corrosion potential during the first activation cycles, and for all rates, undergoes an increase to the direction of the positive potential to reach the maximum values of, -887, -883, -871 and 911mV respectively for C/3, C/5, C/10 and C/20 discharge rates. This evolution is correlated with the activation phenomenon, knowing that the cycling plays a role of pickling the surface of the electrode, that is to say the removal of a continuous manner of oxides from the surface of the electrode, engendering a reduction of the thickness of the layer of corrosion products.
For a long cycling and except of the C/20 rate, an oscillating stabilization of the corrosion potential around an average values of -1043, -1019, -994 mV, respectively, for C/3, C/5, C/10 discharge rates are observed and is better for the C/10 rate which is in good agreement with the good holding to cycling for this medium rate
Conclusion
In this present work, we studied in details as the effect of the discharge rate on the electrochemical properties of the LaY 2 Ni 9 used as a negative electrode in nickel-metal hydride batteries. To carry out this work, the evolution of the electrochemical capacity, the ratio , and the corrosion current density and potential, during a long cycling and at different rates, were determined.
During the first cycle of activation and for the entire discharge rate, the evolution of all the kinetic and corrosion parameters shows a good correlation. Knowing that the cycling plays a role of pickling the surface of the electrode, that is to say the removal of a continuous manner of oxides from the surface of the electrode, engendering a reduction of the thickness of the layer of corrosion products and facilitates the hydrogen diffusion in the bulk of the alloy.
During a long cycling, this same correlation is observed and the C/10 medium rate presents the best stability and cycling lifetime.
